University of South Florida

Digital Commons @ University of South Florida
USF Tampa Graduate Theses and Dissertations

USF Graduate Theses and Dissertations

June 2022

Determining Depth of Closure Based on Time-series Beach
Profiles and Empirical Formulas: A Case Study along the Florida
Coast
Elizabeth Royer
University of South Florida

Follow this and additional works at: https://digitalcommons.usf.edu/etd
Part of the Geology Commons

Scholar Commons Citation
Royer, Elizabeth, "Determining Depth of Closure Based on Time-series Beach Profiles and Empirical
Formulas: A Case Study along the Florida Coast" (2022). USF Tampa Graduate Theses and Dissertations.
https://digitalcommons.usf.edu/etd/9451

This Thesis is brought to you for free and open access by the USF Graduate Theses and Dissertations at Digital
Commons @ University of South Florida. It has been accepted for inclusion in USF Tampa Graduate Theses and
Dissertations by an authorized administrator of Digital Commons @ University of South Florida. For more
information, please contact scholarcommons@usf.edu.

Determining Depth of Closure Based on Time-series Beach Profiles and Empirical Formulas: A
Case Study along the Florida Coast

by

Elizabeth Royer

A thesis submitted in partial fulfillment
of the requirements for the degree of
Master of Science
School of Geosciences
College of Arts and Sciences
University of South Florida

Major Professor: Ping Wang, Ph.D.
John Bishop, Ph.D.
Kamal Alsharif, Ph.D.

Date of Approval:
June 15, 2022

Keywords: Storm Impacts, Sediment Transport, Coastal Modeling, Depth of Closure, Florida,
Beach Profiles
Copyright © 2022, Elizabeth Royer

DEDICATION

I dedicate this thesis to my twin sister Sari for helping me throughout my graduate school
experience and to the entire Coastal Research Lab for making this all possible!

ACKNOWLEDGEMENTS

I would like to first thank my advisor Dr. Ping Wang for helping me every step of the way
and teaching me everything I know about the Florida coast. Working with you has truly been the
most amazing experience. I would also like to thank my committee members Dr. John Bishop and
Dr. Kamal Alsharif for serving on my committee and for all the guidance during my thesis writing
process. A big thank you to everyone in the Coastal Research lab current and past for an amazing
work environment, particularly Dr. Jun Cheng and Sophia Gutierrez who always kept me laughing
were very willing to help in any way possible. I would also like to thank my family and friends for
all the love and support throughout this this process.

TABLE OF CONTENTS

List of Tables--------------------------------------------------------------------------------------------------- ii
List of Figures ------------------------------------------------------------------------------------------------ iii
Abstract ---------------------------------------------------------------------------------------------------------iv
Chapter 1: Introduction --------------------------------------------------------------------------------------- 1
Chapter 2: Study Area ---------------------------------------------------------------------------------------- 6
Chapter 3: Methodology------------------------------------------------------------------------------------- 10
Chapter 4: Results -------------------------------------------------------------------------------------------- 15
4.1 Northwest Florida Gulf Coast -------------------------------------------------------------- 15
4.2 West Florida Gulf Coast --------------------------------------------------------------------- 18
4.3 Florida Atlantic Coast ----------------------------------------------------------------------- 21
Chapter 5: Results -------------------------------------------------------------------------------------------- 28
5.1 Control of Inner Continental Shelf Morphology and Geology on DOC ------------- 28
5.2 Influence of Foreshore Slope on DOC ---------------------------------------------------- 29
5.3 Performance of Existing Empirical Formulas -------------------------------------------- 30
5.4 Toward Improving the DOC Predictions ------------------------------------------------- 35
Chapter 6: Conclusion --------------------------------------------------------------------------------------- 39
References ----------------------------------------------------------------------------------------------------- 41
Appendix ------------------------------------------------------------------------------------------------------ 44

i

LIST OF TABLES
Table 1: The longshore extent and basic oceanographic conditions at the 12 study----------------- 8
Table 2: Summary of the measured DOC and associated wave and morphological
conditions ------------------------------------------------------------------------------------------ 16

ii

LIST OF FIGURES
Figure 1: Study area map ................................................................................................................7
Figure 2: Determination of the DOC from time-series beach profiles ..........................................11
Figure 3: Determination of the foreshore slope .............................................................................13
Figure 4: Annual beach-offshore profiles from Marco Island .......................................................13
Figure 5: Annual beach-offshore profiles from Pensacola Beach .................................................14
Figure 6: The DOC values at the seven beach-offshore profile locations within each study
site ...................................................................................................................................17
Figure 7: Annual beach-offshore profiles from Sand Key Beach..................................................19
Figure 8: Annual beach-offshore profiles from Fort Myers Beach ...............................................20
Figure 9: Annual beach-offshore profiles from Jacksonville Beach .............................................21
Figure 10: Annual beach-offshore profiles from Melbourne Beach and standard deviation
of bed level change with respect of elevation ..............................................................24
Figure 11: Annual beach-offshore profiles from Deerfield Beach ................................................26
Figure 12: Relationship between foreshore slope and DOC ..........................................................30
Figure 13: Comparison between annual average 12-hour exceedance and average top
0.137% wave conditions ..............................................................................................32
Figure 14: Performance of the four empirical formulas ................................................................34
Figure 15: Performance of the Birkemeier formula with slope correction ...................................38

iii

ABSTRACT
Depth of closure (DOC) is defined as the most landward depth seaward of which there is
no significant change in bed elevation and no significant net sediment exchange between the
nearshore and the offshore over a certain period of time, such as 5 to 20 years. DOC is an essential
parameter used in beach and shore protection, sediment management, and many other aspects of
coastal studies. Taking advantage of advancements in wave hindcast and bathymetry measurement
in the past 20 years (2000-2019), this study determined the DOC at 12 locations along the Florida
coast, including three from the northwest Gulf coast, three from the west Gulf coast, and six from
the east Atlantic coast. The 12 sites covered a wide range of coastal morphodynamic conditions,
with considerable difference in tidal ranges, incident wave heights, as well as nearshore and
offshore slopes. Hindcast wave data from WAVEWATCHIII, available since 2005, were analyzed
and applied to calculate the closure depth using various empirical equations.
At all the twelve study sites the time-series profiles demonstrated an apparent convergence
point indicating the presences of a DOC. The bed-level change at DOC as quantified by the
standard deviation of elevation variation ranged from 0.05 m to 0.19 m. Along the studied
northwest Florida Gulf coast the DOC ranged from 9.12 m to 9.76 m. The DOC along the studied
west Florida Gulf coast ranged from 1.59 m to 4.06 m and is controlled by the shallow flat inner
continental shelf. Along the studied east Florida Atlantic coast, the DOC ranged from 4.35 m to
8.20 m, with considerable alongshore variation. The Birkemeier formula yielded the closest
predictions to the measured values. A linear relationship between the foreshore slope and DOC
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was identified. Incorporating foreshore slope into the Birkemeier formula improved the accuracy
of DOC prediction.
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CHAPTER ONE:
INTRODUCTION
The depth of closure (DOC) is defined as “the most landward depth seaward of which there
is no significant change in bottom elevation and no significant net sediment exchange between the
nearshore and the offshore” (Kraus et al. 1999). DOC is often used as a boundary separating the
active nearshore zone of sediment transport and the less active offshore zone. DOC is dependent
on both spatial and temporal scales. The DOC, i.e., knowing the seaward boundary of active bedlevel change, is an essential parameter used in many coastal engineering and management projects.
For example, DOC is a key parameter in the design of beach nourishment and also enters in
transport and/or morphological models as a separation between the active zone of morphology
change and deeper zone of largely negligible sediment deposition and erosion (Larson and Kraus
1994; Marsh et al. 1998; Kraus et al. 1999; Dean 2002).
As stated in the Kraus et al. (1999) definition, the value of DOC is significantly controlled
by spatial and temporal scales. DOC can be evaluated through many different timescales from a
single energetic event to a decade or longer duration (Nicholls et al. 1998; Hinton and Nicholls
1998). As expected, longer temporal scale results in deeper DOC. As the temporal scale increases,
larger variations in the time-series profiles tend to occur (Nicholls et al. 1998). Practically, the
temporal scale is often controlled by the availability of time-series data. Based on previous timeseries beach profile studies, Aragones et al (2019) suggested that it is important to have a minimum
of five years of data in order to determine and interpret the DOC accurately. Spatial scale can also
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have considerable influence on the determination of DOC. Larger spatial scale would
include more spatial variations. For example, if an entire barrier island is included, the areas in
close proximity to the tidal inlet may have a different DOC as compared to the rest of the area.
Spatial scales can be controlled by the goal of a particular project. As emphasized in Kraus et al.
(1999), the temporal and spatial scales associated with DOC values should be clearly specified.
The influences of temporal and spatial scales on DOC were examined in this study.
Regional geological characteristics can have significant influence on DOC (Wright et al.
1986; Wright 1995). Generally, geological influences on DOC can be quite variable and are not
well documented, nor can they be simply generalized. Morphological characteristics of inner
continental shelf, such as slope and its spatial variations, can have significant influence on
sediment transport and therefore DOC. Sedimentological characteristics such as outcropping of
rocks, which is common along the Florida west and east coasts, can impose a limit on the DOC,
i.e., a maximum value. Transport and deposition of cohesive muddy sediment is different from
those of non-cohesive sand-sized sediment. Along coasts with significant mud-sized sediment,
sandy beaches often transition seaward to muddy sediments. Transport of mud is strongly
influenced by its cohesiveness. Largely non-erodible stiff mud can impose a limit on DOC, similar
to rock outcrop, while soft mud can be easily eroded. Furthermore, muddy inner continental shelf
tends to be flat, potentially imposing morphological constrain on DOC.
The concept of DOC also plays a key role in the estimation of rate of shoreline change as
driven by sea-level rise, i.e., the Bruun Rule (Bruun 1962). The concept and application of Bruun
Rule has been improved in many recent studies on modeling long-term coastal changes associated
with climate change and sea-level rise. However, DOC (or a seaward converging point) remains a
key parameter anchoring the seaward limit of morphology change. Rosati et al. (2013) expanded
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the Bruun Rule by incorporating landward sediment transport due to overwash. Moore and Murray
(2018) compiled a series of papers discussing various aspects on the modeling of long-term barrierisland response to sea-level rise (Moore et al. 2010; Lorenzo-Trueba and Ashton 2014; Murray
and Moore 2018; Cowell and Kinsela 2018; Ashton and Lorenzo-Trueba 2018). All the models
adopted the general concepts of an equilibrium shape of shoreface (similar to that of equilibrium
beach profile (Dean 1991) and a seaward depth limit of morphology change. Improved verification
and estimation of DOC are essential to modeling long-term coastal changes.
Several empirical formulas have been developed, linking DOC to wave conditions,
especially extreme wave height with the understanding that active sediment transport and
morphology change in deeper water should be mainly driven by extreme conditions. Hallermeier
(1977, 1978, 1981, and 1983) developed an empirical formula to compute DOC (Dc) using extreme
wave conditions (Equation 1), specifically the significant wave height that exceeded 12 hours per
year (Hs_12hr) and its associated peak wave period (Tp_12hr). Udo et al. (2020) suggest that the
accuracy of the Hallermeier formula can be limited by the accuracy and availability of wave data,
and its generalization of extremely variable coasts (Udo et al. 2020). The Hallermeier (1977, 1978,
1981, and 1983) formula was based mainly on laboratory data and some supporting field
measurements from coasts of the Pacific Ocean and the Gulf of Mexico:
𝐻2

𝐷𝑐 = 2.28𝐻𝑠_12ℎ𝑟 − 68.5(𝑔𝑇𝑠_12ℎ𝑟
)
2

(1)

𝑝_12ℎ𝑟

Nicholls et al. (1998) suggested that Equation (1), referred to here as the Hallermeier formula,
tends to overpredict DOC at a medium time scale (one year to ten years). Birkemeier (1985) reevaluated the Hallermeier formula using field data from the USACE Field Research facility in
Duck, NC, and proposed a revised formula, referred to here as the Birkemeier formula (Equation
2). The Hallermeier and Birkemeier formulas have the same form but with different coefficients:
2

𝐻2

𝐷𝐶 = 1.75𝐻𝑠_12ℎ𝑟 − 57.9(𝑔𝑇𝑠_12ℎ𝑟
)
2

(2)

𝑝_12ℎ𝑟

Since the first term in Equations (1) and (2) carries most of the weight, the Hallermeier formula
(Equation 1) yields a DOC value that is roughly 1.3 times higher than the Birkemeier formula
(Equation 2). Hallermeier calculated his extreme wave conditions for the laboratory experiments
based on previously studies on the extreme wave conditions of a variety of U.S. coastal
environments, in order to apply the equation to different U.S. coastal areas (Hallermeier, 1977).
Birkemeier used field measurements from a Waverider buoy, taken every 6 hours over the year
and half study period (Birkemeier, 1985). Birkemeier computed the 12-hour exceedance wave
height based on the measured wave data. Since they are the two parameters used in the empirical
equations, the definition and methods for determining this 12-hour exceedance wave conditions,
Hs_12hr and Tp_12hr, should be clearly defined.
Houston (1995) argued that the extreme wave parameter, Hs_12hr and Tp_12hr in this case,
can be difficult to determine and therefore may carry considerable uncertainties. Houston (1995)
suggested that the annual average significant wave height (Hs_avg) would be a much easier
parameter to obtain and could be used to predict DOC. Houston (1995) proposed, referred to here
as the Houston formula (Equation 3),
𝐷𝐶 = 6.75𝐻𝑠_𝑎𝑣𝑔

(3)

In order to more directly incorporate the influence of temporal scale in the calculation of
DOC, Stive et al. (1992) and Nicholls et al. (1996) suggested that the extreme wave parameter
should reflect the period during which the DOC was computed. The Nicholls et al. (1996) formula
(Equation 4), referred to here as the Nicholls formula, carries an identical form as that of
Hallermeier.
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𝐻2

𝐷𝑐 = 2.28𝐻𝑠_12ℎ𝑟_𝑁 − 68.5(𝑔𝑇𝑠_12ℎ𝑟_𝑁
)
2

(4)

𝑝_12ℎ𝑟_𝑁

The difference between the Nicholls and Hallermeier formulas is in the definition of the
extreme condition Hs_12hr_N and Tp_12h_N. Nicholls et al. (1996) suggested that Hs_12hr_N and Tp_12h_N
should be the 12-hour exceedance wave height and the associated peak wave period over the entire
study period. This can result in a much larger wave height than the annual extreme (12-hr) waveheight values for a multi-year duration. In all the above equation, the Dc is referred to Mean Low
Water (MLW).
The State of Florida has been measuring beach profiles annually along nourished beaches
for nearly three decades, as part of a regulatory requirement for beach nourishment. The annual
beach-profile surveys typically extend far offshore and beyond the DOC as defined above. Since
many beaches along the Florida coast receive regular nourishment, the time-series beach-offshoreprofile data are available at numerous locations. All the data are available from the Florida
Department of Environmental Protection (FDEP). Since roughly 2000, due to the advancement of
the RTK GPS technology the accuracy of the offshore profile survey has improved significantly,
particularly in terms of tide correction which has substantial influence on elevation measurements.
In this study, time-series beach-offshore profiles surveyed between 2000 and 2019 were analyzed
to determine DOC.
In this paper, time-series beach profiles from 12 study sites along the Florida coast,
including three from the northwest Gulf coast, three from the west Gulf coast, and six from the
Atlantic coast, were analyzed. The twelve study sites were selected based on the availability of
data and their representation of the overall Florida coast. At each study site, time-series beachoffshore profiles from seven FDEP R monuments, spaced from 2 to 24 km alongshore, were
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extracted. About fifteen beach profiles at each R-monument were obtained. In total, 1268 beachoffshore profiles from the twelve study sites were analyzed.
This paper aims to answer the question “what are the dominant factors that determine the
DOC?” Understanding the controlling factors will allow for improved empirical formulas and
more accurate DOC predictions. The factors that were explored here include wave conditions,
slope of the foreshore, influence of the inner shelf bathymetry, and influence of regional geology.
Wave conditions and foreshore slope can be readily quantified, while quantifying regional geology
and inner shelf bathymetry can be difficult. Taking advantage of the large and accurate dataset, the
uncertainties associated with the determination of DOC via time-series beach-offshore profiles
were examined.
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CHAPTER TWO:
STUDY AREA
The coast of Florida (Figure 1) provides an ideal case for the study of DOC, due to a large
variation of oceanographic and morphologic conditions. The northwest Gulf coast is highly
vulnerable to direct hurricane impacts. The west Florida Gulf coast, e.g., the greater Tampa Bay
area, has not had a direct hurricane hit for about 100 years. The Atlantic coast is also vulnerable
to both direct and indirect hurricane impacts, in addition to generally higher waves.
Along the northwest Coast of Florida there are three study sites (Figure 1 and Table 1).
The Pensacola site stretches 11 km alongshore. This study site is located along the western end of
the 80-km long Santa Rosa barrier island and may be influenced by Pensacola Pass ebb shoal
(Figure 1). The Pensacola site has a small tidal range of about 0.38 m and an average offshore
significant wave height of 0.6 m, based on hindcast numerical model WAVEWATCHIII
(https://polar.ncep.noaa.gov/waves/wavewatch/). The second site Navarre Beach is located to the
east of Pensacola, also on Santa Rosa barrier island. This site stretches 1.8 km alongshore and is
far from any present-day tidal inlets. This site has a significant wave height that is similar to
Pensacola at about 0.6 m, with the same tidal range of 0.38 m. Four tropical storms and one
hurricane made landfall within 100 km of these sites during the time frame of this study, with the
strongest being Hurricane Dennis in 2005. The third study site along the northwest coast is Panama
City Beach. This site extends about 24.4 km alongshore. The ebb shoal of St. Andrews inlet near
the southwest end of this site may have some influence on the DOC. The Panama City site is again
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characterized by a small tidal range of 0.43 m and has an average significant wave height of about
0.5 m. Three tropical storms and one hurricane made landfall within 100 km of this study site.
Hurricane Michael, a category five storm in 2018, was the strongest.

Figure 1. The twelve study sites along the Florida coast.

Three study sites were investigated along the west Florida Gulf of Mexico coast (Figure 1
and Table 1). The Sand Key study site is located on a barrier island and spans 16.8 km along the
Gulf coast. This area has an average offshore significant wave height of about 0.5 m and has a
tidal range of about 0.84 m. Three storms passed within 100 km of Sand Key during this study,
two tropical storms and Hurricane Irma in 2017. The Fort Myers site (Figure 1) stretches
alongshore for 2 km. This site is located at the southern mouth of the Charlotte Harbor estuary.
The average offshore significant wave height in this area is about 0.3 m with a tidal range of 0.77
7

m. This site has different sediment characteristics in the offshore area, with a higher mud content
due to its proximity to a very large estuary (Brutsche et al. 2014). The southernmost Gulf site is
Marco Island, extending alongshore for 1.8 km. This area has an offshore significant wave height
of about 0.4 m and a tidal range of about 0.68 m. Marco Island is the southernmost barrier island
along the Florida Gulf Peninsula, transitioning to mangrove coast, i.e., the 10-thousand islands.
The Fort Myers and Marco Island sites were influenced by five storms within a 100 km radius,
three hurricanes and two tropical storms. The strongest storm was Hurricane Wilma in 2005. Along
the three west Gulf coast sites the tidal range decreases from north to south.
Table. 1. The longshore extent and basic oceanographic conditions at the 12 study sites.
Study site

Longshore Nearby
extent
inlet
(km)

Average Tidal
wave
range
height
(m)
(m)

NAVD88
relative to
MLW (m)

Tropical
storm
passages

Pensacola

11

Y

0.60

0.38

0.11

5

Navarre

2

N

0.64

0.38

0.13

5

Panama City Beach

24

Y

0.54

0.43

0.14

4

Sand Key

17

N

0.45

0.84

0.30

3

Fort Myers

2

Y

0.27

0.77

0.49

5

Marco Island

2

N

0.38

0.68

0.54

5

Jacksonville

2

N

0.83

1.71

0.91

7

St. Augustine

2

Y

0.85

1.57

0.91

7

Melbourne

7

N

0.94

1.21

0.81

6

Jupiter

2

Y

0.98

0.90

0.72

7

Boca Raton

2

N

0.85

0.67

0.67

7

Deerfield

2

N

0.85

0.73

0.67

7

8

Six study sites were examined along the Florida Atlantic coast (Figure 1 and Table 1).
Jacksonville Beach is the northernmost site stretching 1.8 km alongshore. The average offshore
significant wave height at this site is 0.8 m with a tidal range of 1.71 m. The St. Augustine study
site extends about 1.8 km, with a Pier located roughly in the middle of the area. The average
offshore significant wave height is about 0.9 m with a tidal range of about 1.57 m. These two sites
have the largest tidal range and were influenced by 7 storms passing within a 100 km radius, six
tropical storms and Hurricane Matthew in 2016. The Melbourne study site spans 6.7 km
alongshore with an average offshore significant wave height of about 0.9 m and a tidal range of
1.21 m. The Melbourne site is sheltered by the Cape Canaveral headland to the North. This area
was impacted by six storms within 100 km, two hurricanes and four tropical storms. The Jupiter
Beach study site extends 1.8 km alongshore, just to the south of Jupiter Inlet. The offshore
significant wave height is 1.0 m with a tidal range of 0.90 m. The Boca Raton site spans 1.8 km
alongshore, with an average significant wave height of 0.9 m and a tidal range of 0.67 m. The
southernmost study site is Deerfield Beach, extending 1.8 km. This site has an average significant
wave height 0.9 m and a tidal range of 0.73 m. Seven storms influenced the three southern sites
within a 100 km radius. Four of these storms were hurricanes, with the strongest being Hurricane
Wilma in 2005. These three sites are sheltered by the Bahama Bank to a certain degree. The Boca
Raton and Deerfield sites have a relatively narrow continental shelf (Figure 1).

9

CHAPTER THREE:
METHODOLOGY
Time-series beach-offshore profile data from 2000 to 2019, in terms of distance to R
monuments (following identical or similar azimuth) and elevation (NAVD88), were obtained from
the FDEP’s Historic Shoreline Database. The NAVD88 elevations were converted to MLW (Table
1) based datum information from nearby NOAA tide stations. The profile surveys were typically
conducted annually along nourished beach. Seven FDEP R monuments at each study site were
chosen. Various alongshore extents (Table 1) were selected to investigate potential influence of
longshore variation. Each profile was interpolated at 1.52-m (5-ft) interval to calculate an average
profile and associated bed-level variations. This distance was used in order to maintain the small
scale morphological features of the beach profile.
The beach-offshore profile data was first plotted to identify apparent errors and/or outliers,
which were then removed from further analysis. Overall, the FDEP data are of high quality with
between 5 to 10% data being removed. An average profile was calculated along with the standard
deviation about the mean at each R monument. Figure 2 illustrates an example (R10) from Panama
City Beach. Same procedures for the determination of DOC were followed at all 84 R monuments.
All the profiles used in this study are plotted and listed in the Appendix.
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Figure 2. Determination of DOC from time-series beach-offshore profiles. Upper panel: annual
beach profiles surveyed between 2000 and 2019 with an azimuth of 212 degrees. Middle Panel:
Standard Deviation of bed-level change, with the horizontal line indicating the “threshold
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elevation STDev”. Lower Panel: Standard Deviation with respect of distance from the
benchmark.
In addition to wave conditions, morphological characteristics should also have significant
influence on the DOC. In this study two morphologic parameters were determined in the context
of DOC, foreshore slope and depth of the inner shelf. It was hypothesized that steep foreshore
slope should favor offshore transport and therefore a deeper DOC. Depth of inner shelf can impose
a morphologic limit on DOC.
The foreshore slope was calculated based on the DOC determined using the above method
and the average profile (Figure 3). A 244-m (800 ft) section of the averaged beach profile landward
of the DOC was selected (Figure 3 highlighted section). A linear trendline was fit through this
section, and the slope was determined to be the foreshore slope. At some of the study sites, e.g., at
Marco Island (Figure 4), the inner shelf becomes quite flat and practically impose a limit on the
DOC. This inner-shelf depth was determined at sites with rather flat shelf. At some study sites, the
depth continued to increase seaward (Figure 5), then the inner-shelf depth was identified as N/A,
to indicate that it did not impose a morphologic limit on DOC.

12

Figure 3. Determination of the foreshore slope.

Figure 4. Annual beach-offshore profiles from Marco Island at FDEP monument R140 with an
azimuth of 260 degrees.
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Figure 5. Annual beach-offshore profiles from Pensacola Beach at FDEP monument R130 with an
azimuth of 170 degrees.
At each study site, computed wave data from the numerical model WAVEWATCHIII in
the offshore area from 2005 to 2018 were extracted. Long-term measured wave data were only
available at a few locations along the Florida coast. Statistical analysis was conducted based on
the 14-year wave data to obtain the wave parameters used in the empirical formulas. The extreme
wave condition, Hs_12hr and Tp_12hr used in the original Hallermeier (Equation 1) and Birkemeier
(Equation 2) formulas, were not clearly defined for multi-year durations. Two methods were used
in this study to determine the Hs_12hr and Tp_12hr. Method one averaged the annual Hs_12hr and Tp_12hr
over the entire study period. Method two averaged the highest 0.137% wave which is equivalent
to 12 hours per year and referred to as Hs_0.137% and Tp_0.137% in the following. In addition, another
extreme wave condition Hs_48hr and Tp_48hr was examined representing the average of the highest
wave during a 48-hour span over the entire study period.
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CHAPTER FOUR:
RESULTS
The coast of Florida encompasses a large range of oceanographic and geologic conditions.
The northwest coast faces the Gulf of Mexico with a wide (~100 km) continental shelf and small
diurnal tides. Due to its east-west orientation, this coast is vulnerable to direct hits by hurricanes
and tropical storms. The west Gulf coast has a very wide (~250 km) continental shelf. The Florida
Atlantic coast tends to have higher waves as compared to the Gulf coast and is quite susceptible to
impacts by tropical storms.

4.1 Northwest Florida Gulf Coast
The northwest Florida Gulf Coast sites included Pensacola Beach, Navarre Beach, and
Panama City (Figure 1). At each site, beach-offshore profiles at 7 FDEP R monuments were
analyzed to determine the DOC. From west to east (Figure 1), at Pensacola Beach the average
DOC from the 7 profiles was -9.12 m relative to MLW and was roughly 544 m from the MSL
shoreline. This is the shallowest DOC as compared to the other sites along this coast (Table 2).
The average threshold of elevation variation in terms of standard deviation about the mean
(threshold elevation STDev) of 120 profiles was 0.15 m. Along the 11 km stretch of shoreline, the
seven measured DOC values varied from -7.79 m to -10.59 m, with a standard deviation of 1.32
m (Figure 6). The average foreshore slope at the Pensacola study site was 1:51 (Table 2). The
depth of the flat part of the inner shelf, as defined above, was 14.6 m, much deeper than the DOC.
15

Table 2. Summary of the measured DOC and associated wave and morphological conditions.
Location

DOC
m

Threshold
Elevation
of STDev
(m)

Distance
from
shoreline
m

Slope
of
foreshore

Hs_0.137%
(m)
Tp_0.137%
(s)

Hs_12hr
(m)
Tp_12hr
(s)

Hs_48hr
(m)
Tp_48hr
(s)

544

Depth
of
inner
shelf
M
-14.5

Pensacola

-9.12

0.15

1:51

0.09

464

N/A

1:46

Panama City -9.76

0.11

519

-17.0

1:39

Sand Key

-4.06

0.14

263

-4.9

1:35

Fort Myers

-1.60

0.05

205

-1.8

1:76

Marco
Island
Jacksonville

-3.17

0.05

188

-3.8

1:58

-5.88

0.18

377

-10.4

1:57

St.
Augustine
Melbourne

-5.48

0.16

391

-6.2

1:71

-4.35

0.16

264

-12.0

1:68

Jupiter

-6.48

0.18

705

N/A

1:86

Deerfield

-7.50

0.13

380

N/A

1:48

Boca Raton

-8.20

0.19

416

-8.7

1:44

4.01
11.4
4.38
10.7
3.69
10.1
2.87
9.6
2.01
8.1
2.42
9.1
3.55
9.8
3.61
10.3
3.80
11.3
4.94
11.2
4.50
10.6
4.55
10.5

3.47
9.5
3.77
9.3
3.31
9.1
2.55
8.5
1.77
7.7
2.06
7.8
3.17
10.0
3.25
10.1
3.36
10.9
4.50
11.3
3.91
10.6
3.97
10.5

4.65
12.1
4.83
11.8
4.64
11.3
3.33
10.5
2.40
8.2
3.08
9.9
4.62
11.1
4.81
11.7
4.79
11.5
6.09
11.1
5.91
11.6
6.09
11.5

Navarre

-9.66

At Panama City Beach the average DOC was -9.76 m relative to MLW and was 519 m
from the MSL shoreline. The average threshold elevation STDev of the 140 profiles was 0.11 m.
Along the 24 km longshore stretch of the coast, the DOC values varied from -9.46 m to -10.96 m,
with a standard deviation of 0.18 m (Figure 6). This site had the longest longshore extent of all the
study sites; however, it had one of smallest alongshore variation of DOC. The average foreshore
slope at the Panama City site was 1:39 (Table 2). The depth of the flat portion of the inner shelf
was at about 17.1 m below MLW, much deeper than the measured DOC. Overall, along the 150
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km section of the studied northwest Florida Gulf coast, the DOC was rather consistent ranging
from 9.12 m at Pensacola Beach to 9.76 m at Panama City Beach.

Figure 6. The DOC values at the seven beach-offshore profile locations within each study site.
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4.2 West Florida Gulf Coast
The West Florida Gulf Coast sites from North to South included Sand Key, Fort Myers,
and Marco Island (Figure 1). At Sand Key the average DOC from the 7 profile locations was -4.06
m relative to MLW and was 263 m from the MSL shoreline. The average threshold elevation
STDev of the 91 profiles was 0.14 m. The Sand Key site had an alongshore extent of 17 km, the
longest among the west Gulf sites. The seven measured DOC values varied from -2.56 m to -5.38
m, with a standard deviation of 0.99 m (Figure 6). The depth of the flat portion of the inner shelf
was averaged to be at about 4.9 m relative to MLW, with a southward decreasing trend. Unlike
other study sites, substantial elevation fluctuations occurred in the offshore portion of almost all
the Sand Key profiles (Figure 7). These fluctuations and the southward shallowing trend were
associated with the exposure of hardbottom and its regional trend (Wang and Davis, 1999). At all
the seven profile locations, the DOC occurred at the landward edge of the largely flat hard bottom
and was apparently controlled by the hardbottom (Figure 7). The average foreshore slope at the
Sand Key study site was 1:35 (Table 2).
At Fort Myers site the average DOC was quite shallow at -1.60 m relative to MLW and
was 205 m from the MSL shoreline. The average threshold elevation STDev of the 70 profiles was
0.05 m, indicating a very tight convergence among all of the profiles at the DOC. The Fort Myers
study site had an alongshore extent of 2 km. The seven measured DOC values varied from -1.21
m to -1.91 m, with a standard deviation of 0.26 m (Figure 6). The depth of the flat portion of the
inner shelf was at about 1.8 m, which was within the range of DOC values. The topography of the
inner shelf was rather smooth (Figure 8), unlike that at the Sand Key site. The Fort Myers site is
unique because of the extensive and flat muddy sediment from Charlotte Harbor (Brutsche et al.,
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2014), that imposed a limit on the shallow DOC. The average foreshore slope at the Fort Myers
site was 1:76, much gentler than at the sites discussed above (Table 2).

Figure 7. Time-series beach-offshore profiles from Sand Key Beach at FDEP monument R105
with an azimuth between 230-240 degrees.
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Figures 8. Time-series beach-offshore profiles from Fort Myers Beach at FDEP monument R177
with an azimuth between 220-230 degrees.

At the Marco Island site, the average DOC from the 7 profiles was -3.17 m relative to
MLW and was 188 m from the MSL shoreline. The average threshold elevation STDev of the 70
profiles was 0.05 m, indicating a tight convergence at the DOC. The Marco Island site had an
alongshore extent of 2 km. The DOC had less alongshore variation than the other two west Florida
Gulf sites ranging from -2.96 to -3.46, with a standard deviation of 0.17 m (Figure 6). The depth
of the flat portion of the inner shelf was about 3.8 m, which is slightly deeper than the DOC, and
did not show any characteristics of hardbottom. The average foreshore slope at the Marco Island
site was 1:58 (Table 2). Compared to the northwest Gulf coast discussed in the previous section,
the west Gulf coast had a much shallower DOC (Table 2), and with a substantial alongshore
variation as controlled by the inner continental shelf morphology.
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4.3 Florida Atlantic Coast
The Florida Atlantic Coast included six study sites: Jacksonville, St. Augustine,
Melbourne, Jupiter, Deerfield, and Boca Raton spanning almost the entire stretch of coast (Figure
1). The northernmost site was Jacksonville Beach. The average DOC from the 7 profiles was -5.88
m relative to MLW and was 377 m from the MSL shoreline. The average threshold elevation
STDev of the 112 profiles was 0.18 m (Table 2). The greater threshold elevation STDev as
compared to the Gulf sites might be related to the rougher survey conditions influenced by higher
waves and larger tidal range. The Jacksonville site had an alongshore extent of 2 km (Table 1).
The DOC ranged from -5.39 m to -6.39 m, with a standard deviation of 0.40 m (Figure 6). The
average foreshore slope was 1:56 (Table 2). The depth of the flat portion of the inner shelf was
determined to be at 10.4 m, much deeper than the DOC (Figure 9).

Figure 9. Time-series beach-offshore profiles from Jacksonville Beach at FDEP monument R58
with an azimuth between 80-85 degrees.
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At the St. Augustine Beach site, the average DOC from the 7 profiles was -5.48 m relative
to MLW and was 391 m from the MSL shoreline, slightly shallower than the Jacksonville site
(Table 2). The average threshold elevation STDev of the 98 profiles was 0.16 m (Table 2). This
site had an alongshore extent of 2 km (Table 1). It was unique in that it had a pier structure in the
middle of the site. The DOC ranged from -4.79 m to -5.89 m, with a standard deviation of 0.43 m
and a southward deepening trend, similar to the Jacksonville site (Figure 6). The average foreshore
slope at the St. Augustine site was 1:71 (Table 2). The depth of the flat portion of the inner shelf
was determined to be at about -6.2 m, deeper than the DOC.
At the Melbourne Beach site the average DOC from the 7 profiles was -4.35 m relative to
MLW and was 264 m from the MSL shoreline (Table 2). This was the shallowest DOC along the
Florida Atlantic Coast (Table 2). The average threshold elevation STDev of the 126 profiles was
at 0.16 m (Table 2). This site had the longest alongshore extent of any of the Atlantic sites at 7 km,
south of the Cape Canaveral headland (Figure 1). The DOC ranged from -3.89 m to -5.09 m, with
a standard deviation of 0.54 m (Figure 6). The average foreshore slope at this site was 1:68 (Table
2). The depth of the flat portion of the inner shelf was at about 12.0 m below MLW.
Compared to all the other sites, the profiles at the Melbourne site converged toward the
DOC considerably gentler (Figures 10 and 2). For example, at the Panama City Beach site, the
standard deviation about the mean elevation decreased rather rapidly from about 0.65 m to 0.10 m
(Figure 2), in comparison from 0.33 m to 0.10 m at the Melbourne site (Figure 10). Although the
same method and threshold were applied at all the study sites, the less apparent profile convergence
might have led to a larger uncertainty in the DOC determination at the Melbourne site.
At the Jupiter Beach site the average DOC from the 7 profiles was -6.48 m relative to MLW
and was 705 m from the MSL shoreline (Table 2). The average threshold elevation STDev of the
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63 profiles was roughly 0.18 m (Table 2). This site had an alongshore extent of 2 km (Table 1),
with a large alongshore variation of DOC ranging from -3.98 m to -8.48 m, with a standard
deviation of 1.60 m and a decreasing trend toward the south (Figure 6). The average foreshore
slope at this site was the gentlest among the Atlantic sites at 1:86 (Table 2), considerably gentler
than most of the other sites. The depth of the inner shelf continued to increase seaward with no
apparent flat portion at the Jupiter study site.
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Figure 10. Upper panel: Time-series beach-offshore profiles from Melbourne Beach at FDEP
monument R130 with an azimuth of 80 degrees. Lower panel: The standard deviation of bed-level
change with respect of elevation. The horizontal line indicates the average threshold elevation
standard deviation.

At the Deerfield Beach site the average DOC from the 7 profiles was -7.50 m relative to
MLW and was 380 m from the MSL shoreline (Table 2). The average threshold elevation STDev
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of the 147 profiles was 0.13 m (Table 2), the smallest along the Florida Atlantic coast. This site
extended alongshore for 2 km (Table 1). The DOC values ranged from -7.13 m to -9.93 m, with a
standard deviation of 1.11 m and no apparent north to south trend (Figure 6). The average foreshore
slope at this site was 1:48, much steeper than that at the previous site (Table 2). Similar to the
Jupiter site, the inner shelf continued to increase seaward with no apparent flat portion. The
offshore portion of the Deerfield profiles illustrated a very steep slope seaward of roughly 10 m
water depth (Figure 11).
The southernmost study site was Boca Raton which was in close proximity the Deerfield
site (Figure 1). The average DOC from the 7 profiles was -8.20 m relative to MLW and was 416
m from the shoreline (Table 2). This study site had the deepest DOC along the Atlantic Coast. The
average threshold elevation STDev of the 140 profiles was 0.19 m, the greatest of all site (Table
2). This study site extended alongshore for 2 km (Table 1). The DOC values ranged from -7.13 m
to -9.43 m, with a standard deviation of 0.76 m (Figure 6). The average foreshore slope at this site
was 1:44 (Table 2). This site did have a flatter portion of the inner shelf at -8.7 m MLW. Overall,
the Atlantic coast illustrated a large spatial variation of the DOC among the six different study
sites.
Overall, the northwest Florida Gulf Coast had a considerably deeper DOC as compared to
the other study sites on the west Florida Gulf and Atlantic coasts. The DOC values ranged from
9.12 m to 9.76 m with the least alongshore variation relative to the other coasts. This study area
generally had the steepest foreshore slope. The west Florida Gulf coast had a much shallower DOC
with values ranging from 1.60 m to 4.06 m. The Florida Atlantic coast showed the most alongshore
variation with the DOC values ranging from 4.35 m to 8.20 m.
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Figure 11. Time-series beach-offshore profiles from Deerfield Beach at FDEP monument R6 with
an azimuth of 95 degrees.

The degree of convergence of the time-series beach profiles can be used as an indicator of
accuracy in the determination of DOC. In this study, the degree of convergence was quantified by
the standard deviation of the bed-level change over time (Figure 2). The temporal elevation
variations are controlled by sedimentation/erosion as well as the survey accuracy. At DOC this
value was referred to as the “threshold elevation STDev”. Since each study site contained seven
profile locations, seven threshold elevation STDev values were determined. The average values of
the seven profile locations are listed in Table 2.
Overall, the threshold elevation STDev values ranged from 0.05 m to 0.19 m, suggesting a
reasonable degree of convergence of profiles surveyed over the 19-year period. The northwest
Florida Gulf coast threshold elevation STDev values ranged from 0.09 m to 0.15 m. The west
Florida Gulf coast had the smallest threshold elevation STDev ranging from 0.05 m to 0.14 m. The
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generally calm wave conditions might have allowed more accurate profile survey and subsequently
smaller threshold elevation STDev. In contrast, the Florida Atlantic coast has generally higher
waves and larger tidal range, which may have contributed to the larger threshold elevation STDev,
ranging from 0.13 m to 0.19 m.
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CHAPTER FIVE:
DISCUSSION
The DOC values are controlled by various factors, including regional geologic and
oceanographic settings, site specific morphologic characteristics, and wave conditions particularly
the energetic conditions. Our study sites along the coast of Florida provided a wide range of these
factors. In this section the control of these factors on DOC are discussed.

5.1 Control of Inner continental Shelf Morphology and Geology on DOC
The DOC values at the three west-central Florida Gulf sites were apparently controlled by
the geology and morphology of the inner continental shelf (Figures 4, 6, and 7). At these three
sites the values of the DOC were similar to the depths of the inner continental shelf (Table 2). At
the Sand Key site the inner shelf is composed of hardbottom which is largely unerodable. The
irregular surface of the hardbottom was captured in the profile (Figure 7). At the Fort Myers Beach
site the exceptionally shallow DOC was apparently limited by the shallow inner shelf. This is
illustrated by the seaward propagation of the time-series beach profiles over the flat inner shelf
(Figure 6). The muddy and cohesive sediment on the inner shelf may behave differently than noncohesive sandy sediment in terms of erosion and deposition. The small threshold elevation STDev
of 0.05 m indicated a tight convergence of the profiles. However, the prolonged suspension and
subsequent deposition of mud-sized sediment associated with energetic conditions can result in
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subtle elevation change over a large and flat area. This may not be resolved by the time-series
surveys nor the method used in this study for the determination of DOC.
At the Marco Island study site the DOC was also controlled by the inner shelf (Figure 4).
The profiles propagated seaward and converged at the flat inner shelf (Figure 4). This is similar to
the case at Fort Myers Beach, but the converging depth was deeper, at 3.17 m versus 1.60 m. The
threshold elevation STDev was 0.05 m indicating a very tight convergence of the profiles at this
location (Table 2).
At other sites the depth and morphology of the inner shelf did not appear to impose a limit
on the DOC. The local exposure of hardbottom at other Florida Atlantic sites did not seem to have
any significant influence on the DOC (Finkl and Andrews 2008). The southward decrease of the
tidal range along the Florida Atlantic coast, from 1.71 m at Jacksonville Beach to 0.67 m at Boca
Raton, did not have significant influence on the regional trend of DOC change.

5.2 Influence of Foreshore Slope on DOC
The foreshore slope (Figure 3) may play a significant role in the DOC. Theoretically, a
steeper foreshore slope would favor offshore sand transport by increasing the contribution of
gravitational force. The study sites encompassed a large range of foreshore slope variation, from
1:39 to 1:86, providing an opportunity to evaluate the influence of foreshore slope on DOC. The
three west Florida Gulf coast sites were not included in this analysis because the DOC were limited
by the depth of the inner shelf, making all other factors rather irrelevant.
For the three northwest Florida Gulf coast and the six Atlantic coast sites, steeper foreshore
slope corresponded to deeper DOC (Figure 12). A linear relationship between the foreshore slope
and DOC was identified with a correlation coefficient R2 of 0.66. This is consistent with the
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understanding that steep foreshore slope would enhance offshore sand transport and therefore lead
to deeper DOC. All the existing formulas predicting DOC (Equations 1 through 4) did not include
foreshore slope as a parameter. Based on the relationship shown in Figure 12, foreshore slope
should be included in the calculation of DOC, as discussed in the following.

Figure 12. Relationship between foreshore slope and DOC.

5.3 Performance of the Existing Empirical Formulas
The performance of the existing empirical formulas was evaluated based on the measured
DOC. In the original Hallermeier (Equation 1) and Birkemeier (Equation 2) formulas the two
parameters, Hs_12hr and Tp_12hr, were defined largely over a one-year period. For multi-year
analysis, 19 years in this case, the Hs_12hr and Tp_12hr can be defined in different ways. In this study
19 years of beach offshore profile data were analyzed. However, the WAVEWATCHIII data were
available from 2005 to 2018, or over a 14-year period. As discussed in the METHODOLOGY
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section, two Hs_12hr and Tp_12hr definitions were tested. The first method defined multi-year Hs_12hr
and Tp_12hr as the average of the annual values. For this case annual Hs_12hr and Tp_12hr were averaged
over the 14-year period. In terms of percentage of occurrence, Hs_12hr and Tp_12hr occur 0.137% of
the time. Therefore, the second method averaged the highest 0.137% of the waves and associated
peak period (Hs_0.137% and Tp_0.137%) over the 14-year period. Figure 13 compares the extreme wave
heights and periods at the 12 study sites. The annual variation of the Hs_12hr and Tp_12hr are
illustrated by the error bar. As expected, the Hs_0.137% is higher than the annual average of the
Hs_12hr. For the twelve study sites the ratio between the Hs_0.137% and the annual average of the Hs_12
was quite consistent at 1.13 with a standard deviation of 0.03.
The DOC values at the nine study sites (excluding the three west Florida Gulf coast sites)
were calculated using the four empirical formulas (Equations 1 through 4). Figure 14 illustrates
the percent difference between the calculated and measured DOC. For the Hallermeier (Equation
1) and Birkemeier (Equation 2) the average annual Hs_12hr and Tp_12hr were used. The overall
performance of each equation was evaluated based on the average of the absolute value of the
percent differences, shown in the last column (labeled as “average”) in Figure 14. This was
conducted to avoid cancellation of overprediction (positive percentage) and under prediction
(negative percentage) during the averaging.
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Figure 13. Comparison between annual average 12-hour exceedance and average top 0.137%.
Upper panel: wave height. Lower panel: wave period.
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Using the original coefficients as included in Equations 1 through 4, the Nicholls formula
(Equation 4) overpredicted the measured values by a large margin of up to 267.3% (Figure 14
upper panel). On average it overpredicted by 142.2%. The Houston formula (Equation 3)
underpredicted six out of the nine measured values, with an average of 31.7%. The Hallermeier
formula (Equation 1) overpredicted seven out of the nine measured values, with an average of
35.7%. The Birkemeier formula preformed the best with an average difference of 21.2% (Figure
14 upper panel).
In an attempt to improve the performance of all of the formulas, the coefficients were
adjusted to achieve the lowest average of the absolute percent differences (Figure 14 lower panel).
As expected, the Nicholls formula (Equation 4) improved significantly with an average percent
difference reduced to 25.4% from 142.2%. Since Hallermeier (Equation 1) and Birkemeier
(Equation 2) have a similar form, given the first term carries the most weight, the best performing
Hallermeier (Equation 1) formula had the same coefficients as the Birkemeier (Equation 2)
formula. Adjusting the coefficient in the Houston formula (Equation 3) did not lead to an improved
prediction. Adjusting the coefficient for the Birkemeier formula (Equation 2) resulted in minor
improvement, 20.5% versus 21.2%.
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Figure 14. Performance of the four empirical formulas in terms of percent difference between the
predicted and measured DOC. The column labeled “average” represents average of the absolute
value of the percent difference. Upper panel: The original coefficients as listed in Equations 1
through 4. Lower panel: adjusted coefficients to achieve the smallest “average” values.

In summary, the Birkemeier formula (Equation 2) with the original as well as the sightly
adjusted coefficients yielded the closest values to the measured ones. For the nine sites the largest
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over prediction of 44.6% occurred at Melbourne Beach, while the largest underprediction of 35.6%
occurred at Navarre Beach (Figure 14 lower panel). The performance of the other three formulas
was considerably worse than the Birkemeier formula (Equation 2) and therefore, were not further
analyzed. In the following, the possibility of improving the Birkemeier formula (Equation 2) by
incorporating the foreshore slope and applying different extreme wave conditions are examined.

5.4 Toward Improving the DOC prediction
Since the measured DOC values showed a solid relationship with the foreshore slope
(Figure 12), this parameter should be included in the formula for DOC calculation. In addition, the
definition of extreme wave conditions can have significant influence on the calculation. Based on
the performance of the Houston formula (Equation 3), applying the average significant wave
height yielded poorer predictions of the DOC as compared to the Birkemeier formula (Equation 2)
(Figure 13 upper panel). At the other end of the spectrum the extreme wave height used in the
Nicholls formula (Equation 4), i.e., 12-hour exceedance wave height over a 14-year period,
appeared to be too extreme (Figure 13 upper panel). In the following, the 48-hour exceedance
wave height and associated peak wave period over the 14-year period (Hs_48hr and Tp_48hr), the
average of annual Hs_12hr and Tp_12hr, and the Hs_0.137% and Tp_0.137% are applied in the Birkemeier
formula (Equation 2) with the goal of improving the prediction.
Figure 15 illustrates the various attempts to improve the predictions of the Birkemeier
formula. The top panel shows the results from the original Birkemeier formula, formula with
adjusted coefficients, and formula with modified coefficients in addition to including the foreshore
slope. All the calculation shown in this panel used the average annual Hs_12hr and Tp_12hr. By
adjusting the empirical coefficients, the overall prediction as indicated by average percent
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difference improved slightly to 20.5% from 21.2% (Figure 15 upper panel). The largest
overprediction at Melbourne Beach was reduced from 49.8% to 44.6%, while the maximum underprediction worsened from 32.9% to 35.6% at different sites. By incorporating the foreshore slope
in combination with the modified coefficients, the largest overprediction was reduced from 44.6%
to 38.2% at Melbourne Beach, and the largest underprediction was reduced from 35.6% to 22.4%
at different sites. The average of the absolute percent differences was improved from 20.5% to
13.3%.
The middle panel of Figure 15 applied the Hs_0.137% and Tp_0.137%. In order to provide a
comparison with the average annual Hs_12hr and Tp_12hr cases, the original Birkemeier value (black
bar in Figure 15 middle panel) was calculated using the average annual Hs_12hr and Tp_12hr. By
adjusting the empirical coefficients and using the Hs_0.137% and Tp_0.137%, the overall prediction as
indicated by average percent difference improved slightly to 19.5% from the 21.2% (Figure 15
middle panel). The largest overprediction at Melbourne Beach was reduced from 49.8% to 41.9%,
while the maximum under-prediction worsened from 32.9% to 38.2% at different sites. By
incorporating the foreshore slope in combination with the modified coefficients, the largest
overprediction was reduced from 41.9% to 33.2% at Melbourne Beach, and the largest
underprediction was reduced from 38.2% to 22.8% at different sites. The average of the absolute
percent differences was improved from 19.5% to 13.6%.
The lower panel of Figure 15 applied the Hs_48hr and Tp_48hr, i.e, the average of the highest
waves over 48 hours during the 14 years. This was used as an alternative to the rather extreme 12hr waves for the Nicholls formula (Equation 4). In order to provide a comparison with the average
annual Hs_12hr and Tp_12hr cases, the original Birkemeier value (black bar in Figure 15 lower panel)
was calculated using the average annual Hs_12hr and Tp_12hr. By adjusting the empirical coefficients

36

and using the Hs_48hr and Tp_48hr, the overall prediction as indicated by average percent difference
worsened slightly from 21.2% to 21.6% (Figure 15 lower panel). The largest overprediction at
Melbourne Beach was reduced from 49.8% to 36.1%, while the maximum under-prediction
worsened from 32.9% to 42.1% at different sites. By incorporating the foreshore slope in
combination with the modified coefficients, the largest overprediction was reduced from 36.1% to
25.3% at different sites, and the largest underprediction was reduced from 42.1% to 34.3% at
different sites. The average of the absolute percent differences was improved from 21.6% to
16.9%. This is worse than the 13.3% achieved by using the average of annual Hs_12hr and Tp_12hr.
In summary, the Birkemeier formula using the average of the annual 12-hr waves (Hs_12hr
and Tp_12hr) and the average of the highest 0.137% waves (Hs_0.137% and Tp_0.137%), combined with
the foreshore slope (S) correction yielded the closest DOC values as compared to the measured
DOC. For the nine study sites, the modified Birkemeier formula resulted an average absolute
percent difference of slightly above 13% (Figure 15 upper and middle panels). The two definitions
of the extreme wave condition yielded similar results. Using the average annual Hs_12hr and Tp_12hr
(Figure 15 upper panel) the modified Birkemeier equation is:
𝐻2

𝐷𝐶 = (56.7𝑆)5.25 [1.72𝐻𝑠_12ℎ𝑟 − 45(𝑔𝑇𝑠_12ℎ𝑟
)]
2

Eq. 5

𝑝_12ℎ𝑟

Using the average highest 0.137% waves, i.e., Hs_0.137% and Tp_0.137% (Figure 15 middle panel) the
modified Birkemeier equation is:
𝐻𝑠2

%

𝐷𝐶 = (57.4𝑆)4.69 [1.43𝐻𝑠_12ℎ𝑟 − 57.3(𝑔𝑇 20.137 )]

Eq. 6

𝑝0.137 %

The short-duration extreme wave conditions over an extended period, e.g., 12 or 48 hours over 14
years as examined in this study, resulted in less accurate DOC predictions (Figure 15 lower panel)
as compared to the above applying longer duration extreme wave conditions.
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Figure 15. Performance of the Birkemeier formula including the slope correction in terms of
percent difference between the predicted and measured DOC. The column labeled “average”
represents average of the absolute value of the percent difference. Upper panel: Using annual
average 12-hour exceedance wave height and associated peak wave period. Middle panel: Using
the average top 0.137% wave height and associated wave period. Lower panel: Using the average
48-hour exceedance wave height and associated wave period.
38

CHAPTER SIX:
CONCLUSIONS
A total of 1,268 beach-offshore profiles, surveyed between 2000 and 2019, from twelve
sites along the Florida Gulf and Atlantic coasts were analyzed to determine the DOC. At each site
seven profile locations were examined. The DOC at a specific site was represented by the average
value of the seven profile locations. The hindcast wave data from 2005 to 2018 were obtained from
the WAVEWATCHIII model. Statistical wave conditions from the 14-year data were applied to
reproduce the measured DOC using various existing empirical formulas. Based on the above data
set and analyses, the following conclusions were reached:
1) At all the twelve sites, the time-series profiles demonstrate an apparent convergence
point indicating the presences of a DOC. The bed-level change at the DOC as quantified
by the standard deviation of the elevation variation ranged from 0.05 m to 0.19 m. The
calmer west Florida Gulf coast resulted in a tighter profile convergence with a smaller
standard deviation of 0.05 m. The higher standard deviation of up to 0.19 m was
attributable to the more energetic Florida Atlantic coast.
2) The studied northwest Florida Gulf coast yielded the deepest DOC along the Florida
coast ranging from 9.12 m to 9.76 m with a relatively small alongshore variation. The
DOC along the studied west Florida Gulf coast ranged from 1.60 m to 4.06 m and was
controlled by the shallow flat inner continental shelf. Along the studied Florida Atlantic
coast, the DOC ranged from 4.35 m to 8.20 m, with considerable alongshore variation.
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3) Among the four empirical formulas examined in this study, the Birkemeier formula
yielded the closest predictions to the measured values. Various extreme wave
conditions were examined included the average of the annual 12-hour exceedance wave
height and associated peak wave period over the 14-year period, the average of the
highest 0.137% wave height and associated wave period, and the average of the top 48hour exceedance wave height and associated wave period. The average of the annual
12-hour and the top 0.137% wave conditions yielded similar results. However, the more
extreme wave conditions did not reproduce the measured DOC values as accurately.
4) For the nine study sites excluding the west Florida Gulf coast where the DOC was
controlled by the inner shelf, the Birkemeier formula reproduced the measured DOC
values within 44.6% overprediction and 35.6% underprediction. The average of the
absolute percent differences was 20.5%.
5) A linear relationship between the foreshore slope and DOC was identified.
Incorporating the foreshore slope into the Birkemeier formula improved the accuracy
of the DOC prediction with the average absolute precent difference improved to 13.3%.
The revised Birkemeier formula including a foreshore slope correction reproduced the
measured DOC values at the nine study sites within 33.2% overprediction and 22.8%
underprediction
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Appendix
Time-series beach profiles at all studied FDEP locations
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Beach-offshore profiles from the Pensacola study site

Annual beach-offshore profiles from Pensacola Beach at FDEP monument R110.
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Annual beach-offshore profiles from Pensacola Beach at FDEP monument R115.

46

Annual beach-offshore profiles from Pensacola Beach at FDEP monument R125.
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Annual beach-offshore profiles from Pensacola Beach at FDEP monument R135.
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Annual beach-offshore profiles from Pensacola Beach at FDEP monument R140.
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Annual beach-offshore profiles from Pensacola Beach at FDEP monument R148.
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Beach-offshore profiles from the Navarre study site

Annual beach-offshore profiles from Navarre Beach at FDEP monument R208.
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Annual beach-offshore profiles from Navarre Beach at FDEP monument R209.
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Annual beach-offshore profiles from Navarre Beach at FDEP monument R210.
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Annual beach-offshore profiles from Navarre Beach at FDEP monument R211.
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Annual beach-offshore profiles from Navarre Beach at FDEP monument R212.
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Annual beach-offshore profiles from Navarre Beach at FDEP monument R213.
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Annual beach-offshore profiles from Navarre Beach at FDEP monument R214.
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Beach-offshore profiles from the Panama City study site

Annual beach-offshore profiles from Panama City Beach at FDEP monument R10.

58

Annual beach-offshore profiles from Panama City Beach at FDEP monument R25.
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Annual beach-offshore profiles from Panama City Beach at FDEP monument R30.
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Annual beach-offshore profiles from Panama City Beach at FDEP monument R40.

61

Annual beach-offshore profiles from Panama City Beach at FDEP monument R51.

62

Annual beach-offshore profiles from Panama City Beach at FDEP monument R60.
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Annual beach-offshore profiles from Panama City Beach at FDEP monument R90.
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Beach-offshore profiles from the Sand Key study site

Annual beach-offshore profiles from Sand Key Beach at FDEP monument R59.
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Annual beach-offshore profiles from Sand Key Beach at FDEP monument R60.
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Annual beach-offshore profiles from Sand Key Beach at FDEP monument R75.

67

Annual beach-offshore profiles from Sand Key Beach at FDEP monument R85.
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Annual beach-offshore profiles from Sand Key Beach at FDEP monument R94.
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Annual beach-offshore profiles from Sand Key Beach at FDEP monument R114.
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Beach-offshore profiles from the Fort Myers study site

Annual beach-offshore profiles from Fort Myers Beach at FDEP monument R178.
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Annual beach-offshore profiles from Fort Myers Beach at FDEP monument R179.
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Annual beach-offshore profiles from Fort Myers Beach at FDEP monument R180.
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Annual beach-offshore profiles from Fort Myers Beach at FDEP monument R181.
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Annual beach-offshore profiles from Fort Myers Beach at FDEP monument R182.
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Annual beach-offshore profiles from Fort Myers Beach at FDEP monument R183.
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Beach-offshore profiles from the Marco Island study site

Annual beach-offshore profiles from Marco Island Beach at FDEP monument R141.
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Annual beach-offshore profiles from Marco Island Beach at FDEP monument R142.
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Annual beach-offshore profiles from Marco Island Beach at FDEP monument R143.
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Annual beach-offshore profiles from Marco Island Beach at FDEP monument R144.
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Annual beach-offshore profiles from Marco Island Beach at FDEP monument R145.
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Annual beach-offshore profiles from Marco Island Beach at FDEP monument R146.
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Beach-offshore profiles from the Jacksonville study site

Annual beach-offshore profiles from Jacksonville Beach at FDEP monument R56.
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Annual beach-offshore profiles from Jacksonville Beach at FDEP monument R57.
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Annual beach-offshore profiles from Jacksonville Beach at FDEP monument R59.
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Annual beach-offshore profiles from Jacksonville Beach at FDEP monument R60.
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Annual beach-offshore profiles from Jacksonville Beach at FDEP monument R61.
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Annual beach-offshore profiles from Jacksonville Beach at FDEP monument R62.
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Beach-offshore profiles from the St. Augustine study site

Annual beach-offshore profiles from St. Augustine Beach at FDEP monument R138.
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Annual beach-offshore profiles from St. Augustine Beach at FDEP monument R139.
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Annual beach-offshore profiles from St. Augustine Beach at FDEP monument R140.
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Annual beach-offshore profiles from St. Augustine Beach at FDEP monument R141.
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Annual beach-offshore profiles from St. Augustine Beach at FDEP monument R143T.
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Annual beach-offshore profiles from St. Augustine Beach at FDEP monument R144.

94

Annual beach-offshore profiles from St. Augustine Beach at FDEP monument R146.
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Beach-offshore profiles from the Melbourne study site

Annual beach-offshore profiles from Melbourne Beach at FDEP monument R122.
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Annual beach-offshore profiles from Melbourne Beach at FDEP monument R127.
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Annual beach-offshore profiles from Melbourne Beach at FDEP monument R132.
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Annual beach-offshore profiles from Melbourne Beach at FDEP monument R135.
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Annual beach-offshore profiles from Melbourne Beach at FDEP monument R140.
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Annual beach-offshore profiles from Melbourne Beach at FDEP monument R144.
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Beach-offshore profiles from the Jupiter study site

Annual beach-offshore profiles from Jupiter Beach at FDEP monument R13.
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Annual beach-offshore profiles from Jupiter Beach at FDEP monument R14.
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Annual beach-offshore profiles from Jupiter Beach at FDEP monument R15.
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Annual beach-offshore profiles from Jupiter Beach at FDEP monument R17.
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Annual beach-offshore profiles from Jupiter Beach at FDEP monument R18.
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Annual beach-offshore profiles from Jupiter Beach at FDEP monument R20.
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Beach-offshore profiles from the Boca Raton study site

Annual beach-offshore profiles from Boca Raton Beach at FDEP monument R206.
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Annual beach-offshore profiles from Boca Raton Beach at FDEP monument R207.
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Annual beach-offshore profiles from Boca Raton Beach at FDEP monument R209.
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Annual beach-offshore profiles from Boca Raton Beach at FDEP monument R210.
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Annual beach-offshore profiles from Boca Raton Beach at FDEP monument R211.
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Annual beach-offshore profiles from Boca Raton Beach at FDEP monument R212.
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Beach-offshore profiles from the Deerfield study site

Annual beach-offshore profiles from Deerfield Beach at FDEP monument R5.
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Annual beach-offshore profiles from Deerfield Beach at FDEP monument R7.
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Annual beach-offshore profiles from Deerfield Beach at FDEP monument R8.
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Annual beach-offshore profiles from Deerfield Beach at FDEP monument R9.
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Annual beach-offshore profiles from Deerfield Beach at FDEP monument R10.
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Annual beach-offshore profiles from Deerfield Beach at FDEP monument R11.
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